ABSTRACT The translocation of lipids from the inner to the outer membrane of Escherichia coli has been investigated by pulse-chase experiments. After a pulse with , the specific activity of the newly synthesized [3Hlphosphati-dylethanolamine was 5 times greater in the inner than in the outer membrane. During the chase, [3Hjphosphatidylethano-lamine was translocated to the outer membrane. At 370C, the half-life for translocation was 2.8 min. This rate was not influenced by alteration in the cellular growth rate at 370C. Altering the cellular growth temperature had a pronounced effect on the rate of phosphatidylethanolamine translocation. Energy inhibitors that deplete the protonmotive force markedly inhibited the translocation. Translocation was not affected by inhibitors of ATP, protein, or lipid synthesis. Phosphatidylglycerol and cardiolipin are translocated very rapidly, with halflives shorter than 30 sec.
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The cell envelope of Escherichia coli and other Gram-negative bacteria consists of two membrane systems, a cytoplasmic or inner membrane and an outer membrane. The inner membrane is a typical biological membrane in that it consists of proteins and phospholipids (1) . The outer membrane consists of proteins (distinct from those of the inner membrane), phospholipids, and lipopolysaccharide (1, 2) .
Biosynthesis of components for both membranes takes place in the inner membrane or in the cytoplasm. The majority of enzymes for both phospholipid (3, 4) and lipopolysaccharide synthesis (5) are found associated with the inner membrane. In Salmonella strains, radioactive pulse-chase experiments have shown that newly synthesized lipopolysaccharide (5) and phosphatidylethanolamine (PtdEtn) (6) are localized predominantly in the inner membrane and are later inserted into the outer membrane. Little is known about how membrane constituents are translocated from one membrane of the Gram-negative bacteria to the other. Translocation of lipopolysaccharide to the outer membrane appears to be an irreversible process (7) , but phospholipid translocation takes place bidirectionally (8) .
In an attempt to gain an understanding of the mechanism of phospholipid translocation, we have investigated how this process is affected by different cell growth rates, growth temperatures, and a variety of inhibitors.
MATERIALS AND METHODS Bacterial Strains and Media. E. coli strain 7 was obtained from E. C. C. Lin. E. coli NR70 was provided by S. B. Levy. Except in the studies using arsenate, the bacteria were grown in M9 minimal medium containing, as indicated in Results, 0.2% glucose, 0.2% glucose with 0.05% casamino acids, or 0.2% succinate. In the studies using arsenate, cells were grown in low phosphate (64 ,uM) Tris-buffered medium (9 (1) was used to fractionate inner and outer membranes. Twenty-milliliter cell cultures were collected over 15 ml of frozen crushed medium. Subsequent manipulations were carried out at 0-4°C. The cells were pelleted by centrifugation at 5000 X g for 10 min. The cell pellets were resuspended in 4 ml of 0.75 M sucrose/10 mM Tris-HCI, pH 7.8. Lysozyme was added to a final concentration of 100 Mg/ml.
One minute after the lysozyme addition, 2 vol of a solution of 1.5 mM EDTA (pH 7.5) was added slowly over a 10-min period. The spheroplast suspension was lysed by sonic oscillation with a Biosonik III (Bronwill) sonicator. Unbroken cells were removed by centrifuging the suspensions at 1200 X g for 15 min. The supernatants were centrifuged at 300,000 X g for 2 hr. The membrane pellets were resuspended in 1 ml of 25% sucrose (wt/wt)/5 mM EDTA, pH 7.5.
The 1-ml resuspended membrane samples were layered on Beckman SW 41 rotor tubes containing a 12-ml linear gradient of 55% sucrose (wt/wt), 5 mM EDTA/30% sucrose, 5 mM EDTA at pH 7.5. The gradients were centrifuged at 35,000 rpm for 16 hr. Approximately 0.5-ml fractions were collected from the bottom of the tube. Fifty microliters from each fraction was added to 0.3 ml of H20 and radioactivity was measured as described below.
Collection of Inner and Outer Membranes. From each gradient, fractions corresponding to the outer membrane, buoyant density 1.22-1.23 g/ml, and fractions corresponding to the inner membrane, buoyant density 1.14-1.158 g/ml, were separately pooled. The outer and inner membrane fractions were diluted with 3 vol of 5 mM EDTA (pH 7.5) and centrifuged at 300,000 X g for 2 hr.
Extraction of Phospholipids. Whole cell or membrane pellets were resuspended in 0.8 ml of H20 and phospholipids were extracted by the procedure of Bligh and Dyer (10) . The organic phase was evaporated under a stream of N2. The dried lipid extract was resuspended in 80 ul of chloroform/methanol, 2:1 (vol/vol), and stored at -20°C under N2.
For phospholipid separation, plastic-backed silica G plates (EM Laboratories, Elmsford, NY) were activated by heating at 1100 C for 45 min. After activation, 5- roform/methanol/acetic acid, 7:3:1 (vol/vol). Radioactive phospholipids were located by cutting the plates into 0.5-cm segments and measuring the radioactivity in the segments as described below. Standardization of 3H/'4C Ratios. To standardize the 3H/14C ratios between experiments, we took a 5-ml culture sample immediately after the [2-3H]glycerol pulse. Lipids were extracted from this whole cell sample and separated on silica G plates. The 3H/14C ratio for each phospholipid species was determined. By placing this whole cell 3H/14C value as 1.0, the 3H/14C ratio of each inner or outer membrane lipid was normalized.
Measurement of Radioactivity. Radioactivity of aqueous samples (0.3 ml) was determined in 3 ml of scintillation fluid [Triton X-100/toluene/Liquifluor, 1:2:0.084 (vol/vol)]. Radioactivity of nonaqueous samples was measured in toluene/ Liquifluor, 1:0.042 (vol/vol).
RESULTS
We used E. coli strain 7, constitutive for the glycerophosphate regulon (11 Translocation of newly synthesized PtdEtn from inner to the outer membrane. As in the experiment outlined in the legend of Fig. 1 , inner and outer membrane lipids were extracted and separated, and radioactivity was measured. The 3H/14C ratio for PtdEtn was standardized as described in Materials and Methods.
significantly in strain 7 cells grown at different temperatures or with various carbon sources (data not shown).
The 3H/14C ratio of the phospholipids extracted and separated from the membranes of the pulsed-chased samples were normalized to the whole cell values. This permits direct comparisons, allowing possible losses during lipid extraction to be ignored. The results for the major phospholipid species of E. coli, PtdEtn, are shown in Fig. 2 (Fig. 3) yielded a straight line with a half-life (t 1/2 for translocation of 2.8 min. In the same experiment, CL and PtdGro were apparently translocated more rapidly. The 3H/14C ratios for PtdGro (Fig. 4A) in the inner and outer membranes were the same even after a short pulse and did not change significantly during the chase. CL (Fig. 4B ) also showed no significant differences in ratio, but study-of this phospholipid was complicated by continued incorporation of 3H label after the chase, probably by the biosynthetic pathway, Table 3 shows the effects of various inhibitors on PtdEtn translocation. The energy poisons DNP, CCCP, NaN3, and NaAs were used at the minimal concentration that inhibited growth by 95%. In addition to inhibiting growth, NaAs at this concentration depleted cellular ATP pools by 80% within 4 min, as measured by the firefly assay procedure (14) . The concentrations of tetracycline and chloramphenicol used inhibited protein synthesis by 90% within 1 min. At the concentration used, cerulenin, a specific lipid inhibitor (15) , inhibited phospholipid synthesis by 60% within 4 min of addition. In our study, this inhibitor was added 4 min before the radioactive pulse. Because several of the inhibitors were dissolved in ethanol, the effect of ethanol alone was tested and found to be insignificant.
As seen in Table 3 , PtdEtn translocation was inhibited by treatment with the energy poisons DNP, CCCP, NaN3, and NaCN. Three of these inhibitors, DNP, CCCP, and NaN3, conduct protons across biological membranes (16) . NaCN is a cytochrome d inhibitor (17) . Thus, in terms of the generally accepted chemosmotic theory of energy coupling (18) , all four The energy inhibitor, NaAs, which acts by inhibiting ATP synthesis (19) , and the inhibitors of either protein or lipid synthesis, had little or no effect on PtdEtn translocation. None of the inhibitors used had an observable effect on the translocation of PtdGro or CL.
PtdGro Translocation in an unc Mutant. Because it appeared that PtdEtn translocation was dependent on the protonmotive force, the process was investigated in E. coli strain NR70. This mutant had been isolated from strain 7 by virtue of its neomycin resistance and its inability to transport proline (20) . It is defective in the uptake of a wide range of small molecular weight compounds (20) . Apparently due to the lack of a normal F1 portion of the Mg2+-ATPase, the membrane of this strain is highly permeable to protons. We determined that PtdEtn translocation in this strain had a t 1/2 of 6 min at 370C, 50% slower than that of the parent strain. The overall growth rate of NR70 was also somewhat slower than the parent strain, giving a doubling time of 75 min in contrast to 57 min under identical growth conditions. DISCUSSION Translocation of the major phospholipid of E. coli displays apparent first-order kinetics (Fig. 3) . The kinetics are consistent with a model in which a newly synthesized PtdEtn molecule first enters a lipid pool from which there is a random probability that it will be translocated. The kinetics argue against a precisely timed sequence of events involved in translocation.
The data eliminate several possible mechanisms for PtdEtn translocation.
(i) PtdEtn translocation strictly by a diffusion mechanism is unlikely. E. coil is able to regulate its fatty acid composition so that it maintains a membrane of constant viscosity (21 One mechanism consistent with the data is that translocation is driven by the cell's protonmotive force. Whenever a proton ionophore was added, a pronounced inhibition of PtdEtn translocation was observed. The study of mutant NR70, although by no means conclusive, suggested that there is a correlation between translocation and the cell's protonmotive force.
We speculate that there are three major steps involved in lipid translocation. First, the newly synthesized lipid molecule is inserted into the inner leaflet of the inner membrane. Second, it moves into the outer leaflet of the inner membrane. Third, the lipid molecule is transferred to the outer membrane. Rapid depletion of the membrane proton gradient may inhibit PtdEtn translocation by interfering with any of the steps of this hypothetical translocation scheme.
The third and final translocation step, movement of lipid to the outer membrane, could proceed via zones of adhesion between the inner and outer membranes (22) . These adhesion zones have been implicated in both phage adsorption (23) and lipopolysaccharide transport (7) . The zones may be a result of a fusion of the outer leaflet of the inner membrane with the inner leaflet of the outer membrane. Within such a fusion, lipids of the inner membrane could move rapidly by lateral diffusion to the outer membrane. Little is known about the stability of these zones. It is possible that these adhesion zones are dependent upon the membrane's protonmotive force. The depletion of the proton gradient would then result in the loss of these adhesion sites, thus preventing the flow of lipids between the inner and outer membranes.
It is also possible that PtdEtn translocation is inhibited at a step of transbilayer lipid movement (flip-flop). In liposomes, the rate of lipid flip-flop is extremely slow, with a measured half-life of days (24) or many hours (25) . In the Gram-positive bacterium Bacillus megaterium, newly synthesized PtdEtn is first inserted into the inner leaflet of the cytoplasmic membrane and flips to the outer leaflet with a t1/2 measured in minutes (26) . The mechanism that allows for the rapid transbilayer movement of lipids is not known, but may well require the protonmotive force. By using the energy derived from the gradient, a carrier protein could rotate phospholipid molecules from one leaflet to the other. The recent finding that in B. megaterium lipid flip-flop is not energy dependent (27) makes this possibility seem unlikely.
The translocation of PtdGro and CL was rapid in all experiments and, hence, did not permit a study of the effects of inhibitors. The rapid translocation of these lipids may reflect a different site for their synthesis or a different mechanism for their translocation. These lipids may be translocated more rapidly because, upon insertion into the inner membrane, they do not equilibrate significantly with pre-existing PtdGro or CL. This would result in a higher probability for instantaneous translocation of newly synthesized molecules.
The membrane protonmotive force may also be coupled with 
